Several endometrial in vitro models exist and are used as conventional tools to study endometrial function. The eEC or endometrial stromal fibroblasts (eSF) are commonly cultured in monoculture to assess effects of steroid hormones, hormone receptor modulators, and agents that could enter the uterine lumen (11) (12) (13) . However, a limitation of in vitro monoculture systems is the absence of paracrine interactions that normally influence cell function and behavior in vivo. Indeed, rodent epithelial/stromal transplantation studies show that the stimulation of eEC mitogenesis by estrogen is mediated through the stromal cells (14) . In addition, a fundamental property of the endometrial epithelium is cellular polarity, with cells connected via junctional proteins forming a tight epithelium and displaying functionally specialized plasma membrane compartments: apical (luminal) and basolateral (stromal) (15) . Studies using eEC often do not provide models that account for this polarized environment. Polarized eEC secrete cytokines apically to exert their action on cells in the uterine lumen and also basolaterally to act on cells in the underlying stroma (16) .
The use of endometrial coculture models is less prevalent than monocultures owing in part to the inherent complexity of cocultures and also because of the known difficulty and fastidiousness of growing normal human endometrial epithelial cells in long-term culture, which is further compounded if a functionally polarized epithelium is a requisite for physiologically meaningful studies. Notwithstanding these limitations, the use of endometrial coculture models has been well documented. Early studies show that the mesenchyme facilitates development and differentiation of the epithelium (17) . Cunha and colleagues demonstrated that steroid-receptor positive stroma is necessary to drive hormonally regulated epithelial morphogenesis in the murine prostate and the female reproductive tract (18) (19) (20) , underscoring the importance of epithelial-stromal paracrine signaling. Coculture of eEC and eSF has been reported to restore the steroid-induced suppression of an epithelial-specific metalloproteinase observed in whole tissue explants (21) , as well as induce development of ultrastructural epithelial polarity and microvilli (22) . Also, inhibition of eEC thymidine incorporation and stimulation of glycodelin secretion, suggesting eEC differentiation, were observed only in cocultures with eSF, which allowed cell-cell interactions (23) .
The objective of the current study was to build upon existing endometrial epithelial/stromal coculture models by establishing a coculture system that demonstrates preservation of cell lineage markers (compared with in vivo cells) and functional epithelial polarity to determine the effects of paracrine interactions on the transcriptomes of cultured eEC and eSF. The utility of this model derives from its potential to investigate how exogenous challenges to the epithelium (implanting embryos, hormones, pharmaceuticals, infectious agents, seminal plasma) may affect endometrial cellular responses and function, thereby providing a valuable complement to in vivo studies often limited because of ethical or regulatory constraints.
Materials and Methods

Tissues Procurement and Processing
Human endometrial tissue samples were obtained in accordance with the guidelines of the Declaration of Helsinki Written informed consent was obtained from all subjects. The study was approved by the Committee on Human Research of the UniversityofCalifornia, San Francisco (UCSF). Endometrial tissue samples were processed on the day of collection, and primary cell cultures were initiated immediately after tissue processing. Subjects were premenopausal women (ages and confirmed not to be pregnant. Details of their clinical history and cycle phase at the time of tissue sampling are in the Supplemental Data available at online at www.fertstert.org, Supplemental Tables 1-9 . Briefly, samples used for culture experiments were obtained during the early (n = 2), mid (n = 1), and late (n = 1) secretory phases. Additional samples for validation studies (n = 3) were obtained in the proliferative phase. Tissue samples were obtained through the National Institutes of Health Specialized Cooperative Centers Program in Reproduction and Infertility Research Human Endometrial Tissue and DNA Bank at UCSF under established standard operating procedures (24) . Endometrial tissue samples included six biopsies (obtained using the Pipelle Endometrial Suction Curette, Cooper Surgical) from subjects undergoing oocyte retrieval, hysteroscopy, or laparoscopic surgery for benign conditions and one hysterectomy specimen.
Endometrial tissue was digested with 6.4 mg/mL collagenase type I; 125 U/mL hyaluronidase in Hanks buffered salt solution with Ca ++ Mg ++ . Contaminant red cells were lysed with 0.155 M NH 4 Cl, 0.01 M KHCO 3 , 0.1 mM EDTA, pH 7.3, and the dissociated cellular elements were DNase treated (4 mg/mL) and then size fractionated with a 40-m cell strainer (BD Biosciences) to separate single cells from fragments of endometrial epithelial sheets and glands. Selective attachment to plastic dishes was used as the final step to separate endometrial epithelial and stromal cells (25) . The single-cell eSF fraction was established in primary culture and serially passaged as described elsewhere (26) in stromal cell medium (SCM): 75% phenol red-free Dulbecco's modified eagle medium (DMEM)/ 25% MCDB-105 supplemented with10% charcoalstripped fetal bovine serum (FBS) and 5 g/mL insulin. The eEC were plated on Matrigel-coated dishes (BD Biosciences) with defined keratinocyte serum-free medium (KSFM; Gibco) and achieved 75% confluence within 10-14 days.
Epithelial and Stromal Cell Coculture Experimental Design
We used a two-chamber coculture system without direct cell-cell contact between chambers (Fig. 1A) , which allows separate analysis of secreted products in the apical and basolateral chambers when cells in the upper chamber/insert form a functionally competent tight epithelial barrier. The two cell types in our coculture system have different media requirements for optimal long-term culture (KSFM for eEC and SCM for eSF), and exposure of eSF cultures to KSFM resulted in reduced growth and viability. Likewise, exposure of eEC cultures to SCM or other high serum media reduced growth and altered morphology. Therefore, we conducted preliminary time course experiments using as coculture medium a low serum formulation modified from that reported for endometrial cocultures by Arnold et al. (23) and compatible with eSF cultures (75% phenol red-free DMEM/25% MCDB-105 supplemented with 1% FBS and 1 mg/mL bovine serum albumin). The functional integrity of polarized eEC cultures exposed to this coculture medium was monitored by leakage of phenol red from the apical to the basolateral chamber (see next section). Results showed a functionally competent tight epithelium through 12.5 hours but compromised functional integrity of the tight epithelial barrier at later time points, resulting in phenol red leakage from the apical into the basolateral chamber. This pilot study defined the time frame for our coculture experiments. Primary eEC cultures were harvested at 50%-75% confluency using Accutase (EMD Millipore), and 10 5 eEC were seeded into hanging inserts (24-well size, polyethylene terephthalate membrane, 1 m pore Millicell hanging cell culture inserts, EMD Millipore) coated with Matrigel (BD Biosciences) and placed in 24-well plates in KSFM (0.2 mL in insert/apical chamber; 1 mL in well/basolateral chamber). Culture medium was renewed every 2-3 days, and eEC achieved confluency and were functionally polarized within 2-4 weeks, as shown by increased transepithelial resistance (TER), lack of diffusible tracer exchange between chambers (see next section), and immunolocalization of tight junction proteins between adjoining cells (see immunofluorescence below). Patient-paired eSF were harvested at passage 2, and 10 5 cells were plated on uncoated plastic 24-well plates that accommodate the hanging inserts; confluency was achieved within 2-4 days. For coculture, polarized eEC insert cultures were transferred to the 24-well plates containing confluent subject-paired eSF cultures, resulting in a basolateral chamber with resident eSF. The culture medium in both the apical and basolateral chambers in cocultures was replaced with the coculture medium as described, and phenol red (32 mg/L) was added to the medium in the apical chamber of cocultures to confirm that no media exchange occurred between the apical and basolateral chambers during the course of the experiment. Replicate eEC and eSF monocultures were processed in parallel under identical conditions to cocultures as individual cell type controls. Mono-and cocultures were incubated for 12.5 hours, conditioned media were collected from the apical and basolateral chambers, and cells were processed for RNA extraction.
TER and Phenol Red Exclusion
TER was measured in eEC insert cultures using the Millicell ERS System (EMD Millipore) compared with baseline TER of cell-free inserts with or without Matrigel coating. Functional integrity/competence of the tight epithelial barrier was further assessed by determining whether phenol red added to the apical chamber would leak into the basolateral chamber. Phenol red levels were measured in the apical and basolateral chambers at the beginning and end of each experiment by absorbance at 559 nm using a Beckman Coulter DU 530 spectrophotometer (Beckman Coulter). Only experiments with no detectable levels of phenol red leakage into the basolateral chamber were included for analysis of the conditioned media. Phenol red concentrations were calculated from absorbance values using the extinction coefficient of phenol red.
Immunofluorescence
Indirect immunofluorescence was conducted following previously reported methods (27) . Briefly, cells cultured in Matrigel-coated (eEC) or noncoated (eSF) chamber slides were fixed in 2% paraformaldehyde, permeabalized with 0.1% Triton X-100, blocked with 10% normal goat serum, and incubated overnight at 4°C with the following primary antibodies: mouse anti-human keratin 18 (1:200; C-7785, Sigma Aldrich), vimentin (1:200; V-6389, Sigma Aldrich), e-cadherin (ab1416 Abcam), or rabbit anti-occludin (ab31721, Abcam). Cells were then washed 3 times with phosphate-buffered saline/0.1% Tween 20 buffer and incubated for 1 hour at room temperature with the corresponding Alexafluor 488 conjugated goat anti-mouse or goat anti-rabbit secondary antibodies (1:250; A-11001 and A-11008, respectively; Invitrogen) and then washed 3 times with buffer. For specificity controls, the primary antibodies were substituted with the corresponding mouse or rabbit nonimmune IgG. Chamber slides were mounted with ProLong Gold Antifade Reagent with 4 ,6-diamidino-2-phenylindole (DAPI; P-36931, Invitrogen) and viewed on a Leica DM 5000 microscope equipped with epifluorescence optics (Leica Microsystems, Inc.). Counts of keratin 18 (KRT18)-and vimentin-positive cells were done in four random × 40 fields per sample.
Fluorescence Activated Cell Sorting (FACS)
We isolated eEC and eSF by FACS from whole endometrial tissue to test the fidelity of in vitro cultured cell gene expression compared with in vivo derived cells. Details can be found in the Supplemental Materials portion of this manuscript, found online at www.fertstert.org.
RNA Isolation
Total RNA was isolated from cultured eEC and eSF using the Nucleospin RNA purification kit (Machery Nagel) following the manufacturer's protocol including DNase treatment. For FACS-sorted cell populations, total RNA was isolated using the Arcturus PicoPure RNA Isolation Kit (Applied Biosystems) and DNase treated using RNase-Free DNase Set (Qiagen). The purity and integrity of all RNA samples were confirmed through Nanodrop (Nanodrop) and Bioanalyzer (Agilent), respectively.
Microarray Analysis
RNA from cultured and FACS-sorted cells (n = 3 each) were further processed for analysis on Affymetrix Human Gene 1.0 ST Arrays (Affymetrix) with updated annotations, probing 36,079 transcripts and 21,014 genes, as reported elsewhere (28) . Briefly, RNA was reverse transcribe/amplified into cDNA, and sense-strand cDNA targets were fragmented/labeled and hybridized to Affymetrix Human Gene 1.0 ST Arrays. The quality of the amplified cDNA and fragmented cDNA was assessed using the Bioanalyzer, and only samples meeting yields and quality standards were used for hybridization. Intensity values of different probe sets (genes) were imported into GeneSpring GX 11.02 software (Agilent Technologies) and processed using the robust multiarray analysis algorithm for background adjustment, normalization, and log2 transformation of perfect match values. RMA16 was used as the background correction algorithm for ST array technology. Differential expression analysis was performed for the following comparisons between eEC and eSF in monoculture and coculture: [1] eEC monoculture (eEC mono ) versus eSF monoculture (eSF mono ); [2] eEC coculture (eEC co ) versus eSF coculture (eSF co ); [3] eEC mono versus eEC co ; [4] eSF mono versus eSF co . Differential expression analysis was also conducted on highly pure, noncultured, eEC versus eSF populations isolated from endometrial tissue by FACS (eEC FACS vs. eSF FACS ). Analysis output includes only genes with ≥ 1.5-fold change and P<.05 by two-way analysis of variance (ANOVA) with Benjamini-Hochberg multipletesting correction for false discovery rate. The use of a 1.5-fold cutoff for biologically relevant analysis is consistent with previous reports (29, 30) .
Fluidigm-Based Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Validation of 108 selected differentially expressed genes was conducted on a total of 24 cDNA samples derived from cultured eEC and eSF (eEC and eSF derived from n = 3 subjects, in mono and coculture) and from eEC and eSF FACS-isolated cells from n = 3 subjects by qRT-PCR using the Fluidigm 48.48 and the 96.96 Dynamic Array Integrated Fluidic Circuits and the Biomark System (Fluidigm), as described elsewhere (28), with the following modifications. The optimal dilution of preamplified cDNA used for downstream analysis was determined, since it is different for RNA isolated from sorted cells, cultured cells, and tissues. Thus, the 1:5 (RNA from FACS cells) and 1:50 (RNA from cultured cells) dilutions used were determined by dilution curve analysis, which in turn evaluates the efficiency of the primers used (all primers used for these experiments exhibited a slope that equated to 90%-110% amplification efficiency). The dilution that generated the earliest exponential amplification of the diluted preamplified cDNA was used for subsequent analysis. The comparative Ct method was used to obtain relative expression for each grouping comparison, where the amount of target normalized to heat shock protein HSP90AB1 for cultured cells, and beta actin for FACS-sorted cells, was represented by delta Ct (DCt). These housekeeping genes were chosen from a pool and were selected for the stability of expression between cell types and treatment variables. Expression was then normalized to an internal calibrator for cultured and sorted cells and represented as delta delta Ct (DDCt), and total fold change was calculated by 2 DDCt (ABI User Bulletin 2).
Luminex Multiplex Cytokine Assays
Conditioned media were centrifuged at 13,000 × g for 5 minutes to remove cellular debris, and supernatants were analyzed for secreted cytokines using a custom multiplex Luminex kit (EMD Millipore), which included interleukin (IL)1A, -B, -2, -4, -5, -6, -8, -10, tumor necrosis factor alpha (TNFA), interferon gamma (IFNG), granulocyte macrophage colony stimulating factor (CSF2), macrophage inflammatory protein 1 (CCL3), (CCL4), monocyte chemoattractant protein 1 (CCL2), 3 (CCL7), fractalkine (CX3CL1), and secreted chemokine (c-c motif) ligand 5 (CCL5). All protocols were based on manufacturer's specifications. Briefly, conditioned media were incubated in prewet Luminex plates overnight with antibody-coated, fluorescent-dyed capture microspheres specific for each analyte, followed after washing by detection antibodies and streptavidin-phycoerythrin. The washed microspheres with bound analytes were resuspended in sheath fluid and analyzed on a Bioplex (Biorad) bead sorter. Standard curves and high/low range positive controls were used to determine the concentration of each cytokine. Additional controls for background noise and interference included unconditioned media with/without phenol red. To ensure the appropriate level of sensitivity, samples with <50 beads for each cytokine target were excluded from the analysis. Each sample was run in duplicate, and results for each sample were repeated independently on at least two different plates. Data were adjusted for media volume and normalized to cell number.
Statistical Analysis
Differential expression analysis of microarray data was conducted using Genespring. Fluidigm qRT-PCR data were analyzed by t tests to determine significant differences in the expression of cell-specific markers in eEC versus eSF or between mono-versus coculture in each cell type using R-Commander (2011) and Microsoft Excel (2010). Statistical analysis of epithelial TER and phenol red exclusion data were performed on R-Commander using ANOVA with Tukey's post hoc analysis. Secreted cytokine data were analyzed using preconceived orthogonal contrasts with pairwise comparisons of specific experimental groups with the Statistical Analysis System software (SAS, 2011).
Results eEC Structural and Functional Polarization
A main requisite for a physiologically relevant coculture model is the formation of functionally competent polarized epithelium. Structurally, this requires the formation of tight junctions that separate apical and basolateral compartments and enable the vectorial secretion of molecules into these discrete compartments. We modeled the endometrial epithelium, as previously done by other investigators (23) , by culturing eEC on Matrigelcoated inserts with discrete apical and basolateral compartments that are accessible for analysis (Fig. 1A) . Then it was important to determine the functional competence of the tight epithelial barrier, which requires not only the establishment of TER but also verifying that there was no exchange of diffusible molecules between the apical and basolateral compartments. Therefore, TER was measured in confluent epithelial cultures, and phenol red added to the apical chamber was used as diffusible tracer to assess exchange between apical and basolateral compartments. The baseline concentration of phenol red in the apical chamber was 224.8 ±7.1 M (Fig. 1B) . In cell-free inserts, phenol red diffused through the 1 m pores of the membrane and across the Matrigel layer, equilibrating with the medium in the lower chamber, thus raising the phenol red concentration in the latter from 3.3 ± 1.1 to 73.6 ± 3.5 M (P<.05). With a confluent eEC monolayer in the insert, the phenol red concentration in the basolateral chamber of cocultures remains unchanged, confirming formation of an impermeable, tight epithelial layer in the cocultures through 12.5 hours. Insert cultures with confluent eEC also had increased TER (225 ±15 Ohm × cm 2 ) compared with cell-free uncoated or Matrigel-coated inserts (P<.05; Fig. 1C ). Confluent eEC cultures were examined by immuno-fluorescence for the presence and cellular localization of ecadherin (CDH1) and occludin, major protein constituents of adherens and tight junctional complexes. As shown in Figure 1D and E, confluent epithelial cultures displayed pericellular immunereactivity for CDH1 and occludin, consistent with tight junction localization.
Culture Morphology and Immunofluorescence
Primary eEC cultures showed expanding colonies of actively growing cells ( Fig. 2A) , which when subcultured onto Matrigel-coated inserts formed dense confluent monolayers with characteristic domes and ridges (Fig. 2B) , distinct from the typical monolayer morphology of eSF (Fig. 2C) . Immunofluorescence showed that eEC cultures comprised predominantly (94% ± 3.1%) KRT18-positive cells (Fig. 2D ) with minimal presence (4.3% ± 1.5%) of vimentin-immunoreactive cells (Fig. 2E) , consistent with previous reports (20) . The eSF cultures were 100% vimentin-positive and had no KRT18-positive cells (Fig. 2G and H) . Nonimmune IgG controls are shown in Figure 2F and I.
Transcriptome Analysis of Cultured and Noncultured eEC and eSF
Endometrial cell cultures were characterized by microarray analysis, and differential gene expression was assessed based on cell type (eEC vs. eSF) and culture condition (mono-vs. coculture) for the following comparisons: [1] eEC monoculture (eEC mono ) versus eSF monoculture (eSF mono ); [2] eEC coculture (eECco) versus eSF coculture (eSFco); [3] eECmono versus eEC co ; [4] eSF mono versus eSF co . In addition, we tested the fidelity of in vitro cultured cell-specific gene expression compared with that in noncultured in vivo derived pure eEC and eSF populations isolated from endometrial tissue by FACS (eEC FACS vs. eSF FACS ). The complete lists of differentially expressed genes for these comparisons are shown in Supplemental Tables 5-9 (available online at www.fertster.org). Of a total of 3,010 differentially expressed genes in cocultured eEC versus eSF (>1.5 fold; P<.05), 70
were validated by qRT-PCR. Validated genes up-regulated in eEC co versus eSF co are shown in Supplemental Table 2 , and those up-regulated in eSF co versus eEC co are shown in Supplemental Table 3 . The observed pattern of up-regulated genes for each cell type revealed a unique signature consistent with the respective epithelial (e.g., keratins, junctional proteins, mucins) or mesenchymal (e.g., vimentin, interstitial collagens) lineage and with the differential gene expression of in vivo derived eEC and eSF (Supplemental Table 4 ). In addition, eEC and eSF differentially expressed genes characteristic of their corresponding endometrial cell type (e.g., WNT7A, AREG, MMP7 in eEC; HOXA11, WNT5A, MMP2, IGFBPs in eSF). Moreover, the expression of lineage-specific genes by eEC and eSF was not altered by the culture condition (e.g., monoculture vs. coculture; coculture data are shown in Supplemental Tables 2 and 3; monoculture data are shown in Supplemental Tables  5 and 6 ).
The Effect of Coculture on eEC and eSF Gene Expression
The transcriptomes of eEC and eSF were distinctly affected when cocultured with the corresponding epithelial/stromal counterpart (eEC mono vs. eEC co; eSF mono vs. eSF co ; Table  1 ), clearly indicating the functional relevance of reciprocal eEC-eSF interactions in regulating cell-specific gene expression. The complete lists are shown in Supplemental  Tables 8 and 9 (available online at www.fertster.org). In eEC, genes associated with endometrial immunity, including defensins and the cytokine TGFA as well as the epithelial sodium channel gene SCNN1G, which is required for epithelial barrier function (31), were down-regulated in monoculture compared with coculture (Table 1 ). In eSF, multiple genes associated with endometrial immunity were also down-regulated in mono-compared with coculture (Table 1 ). These included the cytokines IL32, CCL7, CXCL2, CCL2, and IL8. Expression of the antiviral serine protease SERPINB2(32) was also reduced in monocultured compared with cocultured eSF.
Differential Patterns of Cytokine Secretion in the Coculture Model
The coculture model allows analysis of cell-(eEC vs. eSF) and compartment-(apical vs. basolateral) specific secreted products. We chose to measure endometrial cytokines that would be relevant to endometrial physiology, given that they are produced by eEC and eSF and play a role in endo-metrial remodeling/establishment of pregnancy (33) (34) (35) and/or are the focus of endometrial disease models (10) . Therefore, selected cytokines were measured in conditioned media of apical and basolateral compartments of monocultures and cocultures. Cell-specific cytokines were delineated by comparison of eEC cytokines (both apical and basolateral) versus eSF cyto-kines ( Table 2 ). The apically secreted eEC cytokines IL1A, -4, -6, -8, CSF2, TNFA, and CX3CL1 did not differ in cocul-ture compared with monoculture. However, apical CCL3 and CCL4 levels were increased, and CCL2 decreased (P<.05) in coculture compared with monoculture ( Table 2) . Comparison of apical versus basolateral cytokine secretion in eEC monocultures showed clear indication of selective differential vectorial apical versus basolateral secretion for particular cytokines including CCL2, -3, and -4, CX3CL1, IL1A, -4, -6, and TNFA, as evidenced by significant differences (P<.05 or detectable vs. nondetectable) in their respective apical versus basolateral concentrations (Table 2 ). In cocultures, the basolateral chamber (containing the combined eEC basolateral and eSF secretion) had detectable levels of CCL2, CCL7, CSF2, CX3CL1, IL6, and IL8. Comparison of the latter with the sum of the corresponding eEC basolateral plus eSF cytokines secreted in monoculture showed that basolateral CCL2 was increased (P<.05) in cocultures, whereas CSF2 and CX3CL1 were decreased (P<.05). In addition, TNFA was present in monoculture eEC basolateral secretion but unde-tectable in the basolateral chamber of cocultures (Table 2) .
Discussion
The data presented herein suggest that an endometrial coculture system with confluent, functionally polarized epithelium can provide important and unique insights into the transcriptome as well as the cytokine-secretory activity of endometrial eEC and eSF. Building on previously established principles, the strengths of this model include the following: [1] it has discrete compartments wherein well-defined and characterized subjectpaired eEC and eSF can engage in functionally relevant cell interactions, while at the same time both cells and their products can be analyzed separately; [2] eEC and eSF show characteristic transcriptome signatures consistent with those of the corresponding pure epithelial and stromal fibroblast cell populations FACS-isolated from human endometrium; [3] it has a structurally competent tight epithelium displaying functional polarity with vectorial apical/basolateral secretion; and [4] there is clear indication of paracrine interactions between the cell compartments, as evidenced by differential gene expression and secretory activity in cocultured cells compared to their monocultured counterparts.
Establishment of the Endometrial Epithelial and Stromal Phenotypes
To model the endometrium properly, several key requirements have to be met by the coculture model. First and foremost, eEC and eSF have to retain demonstrably in culture their in vivo phenotype. To determine in vitro phenotypic stability, we examined the expression of multiple genes representative of the epithelial and mesenchymal lineages as well as genes characteristic of the endometrial epithelial and stromal fibroblast cell populations. Purity of the cell cultures was inferred from the mutually exclusive differential expression of lineage-/tissue-specific genes in the eEC and eSF populations. In addition, we used the well-established conventional markers of eEC and eSF culture purity, KRT18 and vimentin (21, 36, 37) , respectively, in both gene expression and protein studies. Independent confirmation of cell-specific expression of KRT18 and vimentin in eEC and eSF, respectively, is provided by our differential gene expression data of highly pure endometrial eEC versus eSF cell populations isolated by FACS using independent cell surface selection markers (Supplemental Table 2 ).
Epithelium-Our data showed that the cultured eEC express genes specific to the epithelial lineage, including EPCAM (TACSTD1 [28] ); keratins 23, 7, and 18 (38, 39); mucins 16, 20, and 1 (28, (40) (41) (42) ; integrins B6 and B8 (27, 43, 44) ; and laminins C2 and B3 (45) (46) (47) (48) , while also expressing genes associated with the endometrial epithelium, including amphiregulin (49, 50) , epiregulin (51, 52) , and the endometrial epithelial defensins (53, 54) . Moreover, comparison of the differential expression of these lineage-/endometrial-specific genes in cultured eEC and eSF and in the corresponding noncultured highly pure cell populations that were FACS-sorted from endometrial tissue confirmed the consistency of the in vitro and in vivo lineage phenotypes, implying phenotypic stability of eEC and eSF in culture. Indeed, our results (Supplemental Table 2 ) indicate that the aforementioned genes in eEC and eSF were similarly expressed in both cultured and noncultured cells. Microarray data were validated with qPCR, and certain genes, including KRT18, CDH1, occludin, and some of the cytokine genes, were further validated at the protein level through immunofluorescence/immunoassay. Interestingly, WNT7A, HBEGF, and KRT13 transcripts, all known to be restricted to the endometrial luminal epithelium, were prominently expressed in eEC cultured on inserts. WNT7A is localized to the luminal epithelium in human endometrium (55) , and HBEGF, an endometrial growth factor in the luminal epithelium, plays a vital role in promoting blastocyst attachment and invasion in mice and presumably in humans (50, 56, 57) . KRT13 was recently shown to be a marker of luminal, but not glandular, epithelium in human endometrium and used to define a luminal phenotype for the human endometrial carcinoma cell line ECC-1 (58) . Therefore, eEC cultured on Matrigel-coated inserts prominently express genes whose products are restricted in vivo to the luminal endometrial epithelium, suggesting a luminal endometrial epithelial phenotype of eEC in this model. However, it is not clear from the current data whether this reflects a homogeneous cell population with luminal phenotype or whether the eEC cultures are a heterogeneous population containing cells with both luminal and glandular phenotypes. Additional in situ hybridization/ immunolocalization studies would be required to determine the luminal/glandular phenotypic heterogeneity of these eEC cultures and their potential as a viable model of the luminal endometrial epithelium.
Stroma-Genes up-regulated in cultured eSF compared with in eEC and indicative of endometrial stromal phenotypes were largely consistent with the literature, including members of the WNT family and the HOXA axis (59-61), PDGFRB (28) , and the stromal collagens (62, 63) . Gene expression of eSF markers, for example, vimentin and secreted cytokines, was validated at the protein level through immunofluorescence and secreted protein measurements. Although vimentin has been shown to be expressed in a number of cell types, within normal endometrium its stromal localization is well established, and its use as a marker for the identification of eSF in cell cultures is reported in multiple models (21, 36, 37) . The expression of PDGFRB is well documented in endometrial stromal fibroblasts, as well as in mesenchymal stem cells, and is indeed used as a selection marker for FACS isolation of these endometrial cell types (28, 64) . Our current transcriptome data of highly pure endometrial cell populations isolated by FACS demonstrate the differential expression of PDGFRB in eSF versus eEC (Supplemental Table 5 ), which parallels the differential expression observed in cultured eSF versus eEC (Tables 1 and 2 ).
Together our data support the in vitro phenotypic stability of eEC and eSF in the coculture model.
Cell-Specific Expression of Cytokine Genes and Cytokine Production
The cytokines assayed herein were chosen based on their presence in the endometrium and the roles they play regarding innate uterine immunity and endometrial function (33) (34) (35) . There are many other secreted factors in the endometrium, including growth factors, noncytokine immune modulators, and matrix proteinases. These molecules all play important roles in endometrial function. Given the limitations of this model, which provided low yields of conditioned media, we chose to focus on endometrial cytokines because of their importance in endometrial physiology and pathophysiology. Cell-specific patterns of cytokine gene expression were largely supported by the immunosecretory patterns. However, there were some cytokines that were detectable at the protein level but not differentially expressed using microarray or qRT-PCR. For example, IL4 and IL6 showed no differences between eEC and eSF at the transcript level, but the proteins were secreted exclusively (IL4) or at significantly higher levels (IL6) by eEC. Conversely, IL1B was highly expressed at the transcript level in eEC compared to eSF, but secreted protein was undetectable. These inconsistencies suggest that further investigation is warranted into storage and post-trancriptional and post-translational activities of some genes and proteins, which may also identify alternative pathways regulating cytokine production and secretion in human endometrium.
Effect of Coculture on Cell-Specific Transcriptomes
In addition to the set of genes differentially expressed between cell types, several genes associated with endome-trial immunity and repair were differentially expressed in individual cells types in coculture compared to monoculture. In cocultured eEC, genes associated with innate immunity (the defensin DEFB103B) (65, 66) , cytokines (TGFA), wound healingassociated factors (ANGPTL4) (67) , and the sodium channel maintenance factor associated with epithelial barrier function (SCNN1G)(31) were up-regulated compared to monocultured eEC. In eSF, the majority of genes associated with immune function were also up-regulated in coculture compared to monoculture. These primarily included cytokines (CCL2, CXCL1, IL8, CXCL2, CCL7) and an immune-related serine protease inhibitor (SERPINB2). Together these data suggest that when modeling immune responses in endometrium, coculture studies provide additional information, compared with monocultures using epithelial or stromal cells, since multiple genes associated with the host defense mechanism, wound healing, and cytokine-regulated immune responses are blunted in monocultured eEC and eSF, implying dependence on paracrine stimulation. Moreover, since cytokines are implicated in cellular proliferation and tissue remodeling during hormonal exposure, in vitro studies using hormones in monoculture models for disease or functional pathway analysis must take this into consideration.
Effect of Coculture on Cell-Specific Cytokine Production
Several observations on cytokine secretion by endometrial cells in coculture highlight the additional valuable insights afforded by this model. For example, monocultured eEC produced TNFA secreted basolaterally through the basal lamina (represented by the Matrigel layer coating the inserts in our model). However, TNFA was undetectable in the basolateral chamber when eEC and eSF were cocultured. We speculate that this cytokine may bind to receptors on the eSF and participate in eEC/eSF paracrine signaling-a possibility supported by the documented presence of TNFA receptors in eSF (68) . Alternatively, TNFA may be proteolytically degraded and/or metabolized and thereby cleared from the culture medium. Also, CCL2, a chemotactic cytokine that recruits monocytes, lymphocytes, and dendritic cells to sites of tissue injury and inflammation, was secreted in monoculture by eSF and to a lesser degree by eEC basolaterally. However, CCL2 levels in thebasolateral chamber of cocultures were significantly higher than the sum of the monocultured eSF + basolateral eEC secretions, suggesting potentiation of CCL2 production in the cocultures through eEC/ eSF paracrine signaling.
It is of note that IL4, CCL3, and CCL4 were secreted primarily apically by the eEC and that apical secretion of CCL3 and CCL4 increased in coculture. Given that the epithelial monolayer in the coculture system has similarities to the luminal epithelium in vivo, it is tempting to speculate that these three cytokines may play a role in the uterine lumen microenvironment. CCL3 and CCL4 act as potent chemokines recruiting monocytes and natural killer cells and inducing proliferation of peripheral blood lymphocytes in response to infection (69, 70) , as well as promoting wound repair (71) . Endometrial CCL3 and CCL4 are also known to inhibit HIV infection by binding to their cognate receptor CCR5 (72) and to an HIV coreceptor on target immune cells thereby preventing HIV binding and entry (73) . The fact that CCL3 and CCL4 are apically secreted into the lumen suggests that these chemokines could play an important role in adaptive immunity against HIV infections in the upper female reproductive tract. One of the functions of IL4 is to promote the differentiation of macrophages to the "alternatively activated" anti-inflammatory/repair (M2) phenotype (74) (75) (76) . Thus, IL4 may participate in endometrial luminal repair, potentially after menstruation and/or tissue insult.
Limitations of the Model
The establishment of functional polarity, cellular purity/phenotypic stability, and the demonstration of alterations to global gene expression clearly represent important advances in the development of endometrial coculture models, however, there are limitations. For example, while paracrine signaling is present in the in vitro model, in vivo paracrine signaling involves cell adjacencies with distances and volumes of extracellular space not necessarily recapitulated in the in vitro model, leading to different gradients or absolute concentrations of secreted products participating in paracrine cell-to-cell communication.
Other methodologies, such as cellular attachment onto opposite sides of a membrane (allowing limited contact) or eEC growth on or embedded within an eSF-containing matrix (23) , may offer some advantages, but they also carry with them additional limitations compared with the current model, as, for example, limited surface for cell growth or limited ability for analyzing separately individual cell types and their products, as we have successfully done with our model.
It is also acknowledged that in the current study we have not addressed the critical role of the ovarian steroids estradiol and progesterone in the mono-and cocultures, and this represents an important and highly relevant element missing at this time. The multiplier effect of analyzing two cell types and their interactions and the limited yields and growth potential of the eEC in culture thus far have curtailed the possibilities to include the additional experimental groups required to study hormonal effects. Ongoing efforts in our lab focus on overcoming these technical challenges to enhance the efficiency of this model and ultimately address experimentally the role of ovarian steroids in endometrial epithelialstromal interactions.
Finally, it should be noted that additional studies are needed to demonstrate that the documented changes have occurred in direct response to specific paracrine signals from the other side of the barrier. Achieving this will be an important validation of the model.
Summary
In summary, the endometrial coculture system described herein builds on previously developed models and further identifies cell-specific global gene expression and cytokine production changes resulting from eEC-eSF interactions in coculture. Our coculture model provides a valuable complement to monoculture studies, and the use of polarized eEC offers additional possibilities for in vitro modeling of human endometrial cellular physiological and pathological processes. Future directions include study of paracrine interactions in the context of ovarian-derived steroid hormone regulation of normal endometrial function and in endometrial disorders such as endometriosis and endometrial cancers.
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